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Abstract

Becker et al. measured the mean free path of Lyman-limit photons in the intergalactic fiédi)atz= 6. The
short value suggests that absorptions may have played a prominent role in reionization. Here we study physical
properties of ionizing photon sinks in the wake of ionization frahfsonts) using radiative hydrodynamic
simulations. We quantify the contributions of gaseous structures to the Lyman-limit opacity by tracking the
column-density distributions in our simulations. Withib= 10 Myr of I-front passage, wend that self-shielding
systems(Ny; ;> 10'"?cm 2) are comprised of two distinct populatior(d) overdensity 50 structures in
photoionization equilibrium with the ionizing background, é2)d 100 density peaks with fully neutral cores.
The self-shielding systems contribute more than half of the opacity at these times, but the IGM evolves
considerably in t 100Myr as structures areattened by pressure smoothing and photoevaporation. By

t= 300 Myr, they contribute 10% to the opacity in an average 1 Mgatch of the universe. The percentage
can be a factor of a few larger in overdense patches, where more self-shielding systems survive. We quantify the
characteristic masses and sizes of self-shielding structures. Shortly after |-front passageylwel 0*~10°M,
and effective diametethy = 1-20 ckpch 1. These scales increase as the gas relaxes. The picture herein presented
may be different in dark matter models with suppressed small-scale power.

Uni ed Astronomy Thesaurus concepigergalactic mediuni813); Reionization(1383

1. Introduction and suggest that the LLSs correspond tp 100 gas at the
outskirts of halos, where 4 is the gas density in units of the
cosmic mearfMcQuinn et al.2011 Altay et al.2011, 2013.

In contrast to this relatively well-studied picture of the post-
reionization intergalactic mediu(tGM), the properties of the

Bouwens et al. 2015 Finkelstein et al.2019. These sinks during reionization are poorly understood. This owes to a
observations give us a broad view of plausible reionization 9 . poorly )
lack of observational constraints at 6 as well as the

histories that are consistent with the observed star formationCom utational challenaes in simulating the sinks. On the
history of the universée.g., Robertson et @015 Finkelstein P 9 9 '

) theoretical side, the simulations of Park et @016 and
et al.2019 Bouwens et al2021). Of equal importance to our A
understanding of reionization, however, are the sinks ofDAIOISIO et al. (2020 Paper ) suggest that the Lyman

ionizing photons. The sinks shaped how ionization fr@hts contmuum(L_yC) opacity during reionization was considerably
\ more complicated than at lower redshifts. Before a patch of the
fronty progressed(lliev et al. 2009, and they played an

important role in setting the ionizing photon budget required to IGM was reionized, the gas clumped on a hierarchy of scales

o9 At down to its Jeans mass, which could have been as low as
g(t)rglplzztgénd maintain reionizatifark et al2016 D’ Aloisio M, 10°M, for gas at temperatuie 10 K. After an I-front

The sinks can be characterized by their distribution of H swept through a region, the phot(_)lomzed gas expanded in
column densities. Az= 2-5 (post-reionizatio)) the column- response to .the sudden_ Pressureé InCrease, a process .th"?‘t we
density distribution has been constrained by numerous quasaﬁe;;ohe;aﬁglté?snhnlt“ tﬁgdlt\l/\c/):r’e I—i:g?gzvgeg?me s}foclétvgllthm
absorption spectrum studi€Storrie-Lombardi et al1994 9 : y P P éﬁénh_p_ :
Songaila & Cowie201Q Prochaska et aR01Q Rudie et al. 2004 lliev et al. 2005. These processes were limited by the

- . . 1
2013 Kim et al.2013 Crighton et al2019. At these redshifts, S?;cr:ados\‘/%eresde\l/r:artglehlt?r?(ljzrg?j %aezg a2§al<rrsn SDu)r'insottk:]igy fac;?okd the
much of the opacity is contributed by optically thick absorbers P : - gay ) 9 period,
with columns 1872< Ny, < 10°cm 2, the so-called Lyman- LyC opacity evolved signicantly. Moreover, the nontrivial

L interplay between the hydrodynamic response and self-
limit systems(LLSs). For example, Prochaska et §&010 - : . .
found that 55% of the Lyman-limit opacity az= 3.7 is shielding renders the evolution dependent on the local intensity

produced byNy, 105cm 2 LLSs. Although the exact of the ionizing background, gas density, and redshift of

nature of LLSs is debated, cosmological radiative trafRfEr reionization.

simulations successfully reproduce their observed abundance On the observational side, Becker et @02]) recently
y rep éxtended taz= 6 direct measurements of the mean free path

. _ (mfp) from stacked quasar absorption spectrazAt.1, they
Original content from this work may be used under the terms found 1fg 3771 S:S’i cMpch 1, consistent with the previous

of the Creative Commons Attribution 4.0 licendeny further _
distribution of this work must maintain attribution to the aufand the title measurement by Worseck et(@014. At z= 6, the short value

of the work, journal citation and DOI. of M5 3.57 397 cMpch ! measured by Becker et §2021)

Hubble Space TelescofelST) measurements of the rest-
frame ultraviolet(UV) luminosity function ofz> 6 galaxies
have provided a rst census of reionization sourcés.g.,
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implies a rapid evolution of the IGM opacity betwesn 5-6. (Trac & Pen2004 Trac & Cen2007 Trac et al2008. All of
Cain et al(2021) used RT simulations, applied with a new sub- the runs havél = 1024 dark matter particles, gas cells and RT
grid model for the sinks, to argue that the rapid evolution favors acells, with box sizes of = 1.024h * Mpc. This provides a
late and rapid reionization process driven by faint galaxies.gag RT cell width of 1h * kpc, roughly the pre-reionization
Davies et al(2021) assessed that a cumulative source output of Jeans scale of the gasn AppendixA, we present a series of
6.1 1% ionizing photons per baryon are required for consistency numerical convergence tegsee also Appendix A of PapBr
with both the shortl\ﬂ#f,(z 6) and upper limits on the IGM  We will discuss these tests in the relevant contexts below.

neutral fraction from McGreer et a(2015. Both papers The simulations do not explicitty model the sources of
concluded that the sinks played a principal role in shapingreionization. Instead, the gas is ionized by external sources, a
reionization if k5 (z  6) is as low as the Becker et §021) process that we model by sending plane parallel I-fronts
measuremerit. through the simulation volume. The box is divided into

In this paper, we use the suite of radiative hydrodynamicsNaom= 32° cubic RT domains. Source cells are placed on two
simulations published in Papleto take a more in-depth look at ~ adjacent sides of each domain, and they are turned on at a
the absorption systems responsible for the LyC opacity duringspeci ed redshift of reionizatiorg. (i.e., rays are sent from
reionization. We will address four main questiqi3What are  two directions within each domginAs discussed in Papér
the physical properties of the absorption systems that set théhis setup affords us a clean interpretation of the dynamics; the
opacity? (2) How do these properties depend on the local 9as is ionized at nearly the same time and at the same
environment?3) What are the length and mass scales thatimpinging radiation intensity. Appendix A of Pagedemon-
characterize these system@p How do the systems evolve strates that the domain setup does not simitly alter the
during the relaxation process? A detailed understanding of thdGM clumping and ionization structure of the reionized gas. In
sinks physical nature will provide insight into what absorption addition, Appendi@ of the current paper tests the effect of the
systems set the ionizing photon budget for reionization. It will domain structure on the mass and size distributions of optically
also help us understand the early evolution of the LyC opacitythick absorbers. We will discuss these quantities in detail in
and how it ts with the standard model of the post-reionization Section6.1 We adopt a power-law spectrum with speci
IGM. Lastly, the sinks are expected to play an important role in intensityJ ““between 1 and 4 Ry, inve frequency bins
setting the spatial structure of reionizati(Miralda-Escudé  ( is frequency. This is motivated by stellar population
et al.200Q Furlanetto & Oh2005 McQuinn et al2007 Mao synthesis models of metal-poor populatidesy., DAloisio
et al. 2020. Since almost all reionization observables are et al.2019.
sensitive at some level to its morphology, an accurate model for Our small-scale simulations span a rangezofand LyC
the sinks is likely critical for confronting simulations with intensities to sample the patchiness of the global reionization
forthcoming observations. One aim of this work is to inform procesgsee Table 1 of Papé). The impinging LyC intensity

the further development of such modglsy., Cain et aR021). is parameterized by 1, the H photoionization rate in the
The structure of this paper is as follows. In Section 2 we source cells, expressed in units of s = Our runs assume
brie y summarize the simulations of Pajpem Section3, we 12= 0.3and 3.0. The former is consistent with Ljorest

discuss the relationship between photoionization rate andneasurement&.g., DAloisio et al.2018 just after reioniza-
neutral hydrogen density. Sectidnlays out contributions to  tion (z= 5-6), or perhaps during its tail end. The latter is
the LyC opacity of the IGM. In Sectios, we explore intended to model the intensity near an overdensity of sources.
demographics of optically thick absorbers. Sedfiguanti es The simulations also include a set ‘@C modé runs that
physical properties of the structures responsible for opticallymodel uctuations away from the mean density on the box
thick absorbers. We conclude in Sectidn Throughout — scale (Gnedin et al. 201). The box-scale density is
we adopt a cold-dark-matter cosmology with,= 0.31, parameterized by , the linearly extrapolated density contrast

b= 0.048, andHo= 10thkms * Mpc %, with h= 0.68, smoothed on the box scale, in units of its standard deviation.

g= 0.82, andns= 0.9667, and a hydrogen mass fraction of In addition to / =0, i.e., cosmic mean-density runs, we
Xy = 0.7547, consistent with the latest measurem@gmick  consider £ T /3, which corresponds to a present-day
Collaboration et al2020). Proper distances are denoted with a linearly extrapolated overdensity qf= 5.013° The runs used
“p” pre x (e.g., pMpg, while all other distances are reported in in this paper are summarized in thest column of Table in
co-moving units. the Appendix.

2. Radiative Hydrodynamics Simulations 3. Photoionization Rate versus Density

We brie y summarize the main features of the fully coupled  We begin with the relationship between the photoionization
RT hydrodynamic simulations from PaperThe simulations  rate and local hydrogen number density;), which char-
were run using a moded version of the RadHydro code, acterizes self-shielding in our simulations. Earlier works have
which combines ray tracing RT with Eulerian hydrodynamics studied this relationship in full cosmological simulations of
reionization(Rahmati et al2013 Chardin et al2018. In this

3 At face value, the ionizing photon budgets in the models of Cain et al. Section, we examine how the hydrodynamic response of the

(2021, 3 photons per H atom to complete reionization, appear discrepant

with the larger budget d8.1 3} found by Davies et ak2021). However, the

models of Cain et a[202]) allow N}i5(z 6) to be 1 larger than the central e 5 " A :

value measured by Becker et@027. And they have global neutral fractions ~ 2= & iSLy  0.7(1.7) h * kpc. (Here, s the gas density in units of the
20% atz= 6, in 2 tension with the dark pixel constraints of McGreer ~SOSMIC meag. _

et al.(2015. If the calculations of Davies et 2021 are adjusted for these Note that this ratio is independent of redshift.

allowances, the agreement is quite good. Under these assumptionsydreey 5 In Paper, the values off T a/3 were chosen such that integrals over

cumulative budget of 2.3 photons per baryom at6, compared to 2.2 in the the Gaussian distribution of the box-scale density could be performed with

model of Cain et al(2021). three-point Gauss-Hermite Quadrature. See Rapemore details.

4 For reference, the Jeans scale at 10(200) for T= 10(1, 000K, and
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relaxation in the simulation wit{g.,
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Figure 1. Evolution in the relationship between photoionization raté ) and proper hydrogen number dengity;) as the IGM responds to photoheating from
reionization. The curves show the median gf, normalized by the impinging background ratgy, in logarithmically spaced bins of;. Top left: the effect of

Nasir et al.

At =10Myr i\
0.25 i
\\
Y
0.00 o See
T VT S A A A
1.00

0.75

At=300Myr
0.25— z.=12
-=- Ze=8
0.00F == ze=6  SS——
-3.5 -3.0 -2.5 -2.0 -

log(nu/[cm ~3])

12, /E)( T(8, 0.3, Q. The blacksolid, red dashed, and bléeotted-dashed curves correspondze 7.9, 7.5, and 6.0,

respectively, t= 10, 60, and 300 Myr aftege. Bottom left: same as top left but with 1, = 3.0. In the text, we provide a simple model for how photoevaporation
and relaxation change the | vs. ny relationship, in terms of density pies and sizes of absorption systems. Top right: thevs. ny relationship at axed time
interval, t= 10 Myr, fromz = 12 (black solid), 8 (red dashey] and 6(blue dotted-dashejl Bottom right: same but for t = 300 Myr. The top-right panel shows
differences that arise due to structural formafieee the text The bottom-right panel shows that these differences are largely erased by the rélaxation
photoevaporative processes.

Table 1

From Left to Right, the Simulation Parameters, thel kreshold that
Minimizes the Sum of Type | and Il Errors, and the Minimized Error

Probabilities
((12.2e ) e P(Type 1,1
t= 10 Myr
03,12, 0 0.006 0.0, 0.007
0.3,8,0 0.005 0.001, 0.004
0.3,6,0 0.004 0.0, 0.002
(0.3, 8,173 0.006 0.003, 0.008
(3.0,8,0 0.001 0.0, 0.001
t= 60 Myr
03,12, 0 0.004 0.0, 0.003
0.3,8,0 0.004 0.0, 0.001
(0.3,6,0 0.004 0.0, 0.001
(0.3, 8,173 0.004 0.0, 0.007
(3.0,8,0 0.001 0.0, 0.0
t= 300 Myr
0.3,12,0 0.004 0.0, 0.0
0.3,8,0 0.004 0.0, 0.0
(0.3,6,0 0.003 0.0, 0.0
(0.3, 8,173 0.004 0.0, 0.001
(3.0,8,0 0.003 0.0, 0.0

Note. The thresholds are calculated at 10, 60, and 300 Myr aftéor each

model.

IGM to photoheating drives evolution in the local relationship
between , andny during patchy reionization.

In Figurel we illustrate several key dependencies of the
versusny relationship. The curves in the left column show the
median , versusnyat t= 10, 60, and 300 Myr fronz..

The top and bottom panels correspond tq,= 0.3 and 3.0,
respectively, both wittg, 8 and £ T For simplicity,
we focus on these two simulations but the trends described here
hold more generally. Consider the case with,= 0.3 (top
left). For all t, 4, reaches O at approximately the same
log(ny/cm 3 x 1.9 However, , falls more steeply for
times closer toz.. The bottom-left panel shows the same
general trend. A more intense ionizing background simply
moves the self-shielding cutoff to higher densities. The kinks at
nil b= 0.5, seen especially in the bottom-left panel, arise
from gas shadowed from ionizing radiation in one direction.

The right column of Figurd shows how the relationship
depends onz, for xed 1,= 0.3. The different curves
correspond taze 12,8 and 6 at t= 10 (top) and 300
(botton) Myr afterz.. Shortly after I-front passage, the decline
in 12 is steeper at loweg.. The bottom panel shows,
however, that the y, versusny curves approach a nearly
identical form by t= 300 Myr. As we will now discuss, all of
these trends may be understood qualitatively in terms of the
density proles of the sinks, and how they are shaped by the
competing effects of relaxation and structural formation.

A toy model can provide insight into the results of Figiire
Consider a spherically symmetric absorber with a density
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where ny (z) is the proper cosmic mean hydrogen number 0.8
density,ro characterizes the size of the absorber, asdts the

steepness of the density plte. We have normalized the pie

such thany 500y atr  rg. We also take ourducialrg to 0.6
be 10h' kpc. Both the overdensity and, are broadly
motivated by the characteristic overdensities at which self-
shielding occurs and the sizes of absorbers in our simulations 0.4
(see Section 4.3 of Papkras well as Sectiof of the current

papej. However, the ensuing qualitative discussion does not

M/ Mok

ny(r) = 50n4(2) (7 )~

dgpend on the particular chpice of_nqrm_a_lization. We expose 0.2F — (a, ro) = (2, 10 [kpc/hl)

this absorber tq an e>.<ternal |sotroplf: ionizing packground and —— (o) = (4, 10 [kpc/h])

solve the one-dlmenglonal RT equation to optaum versusy —- (a,ro) = (1, 10 [kpc/h)

under the assumption that the gas is in photoionization 0.0k =+ (@ ro)=(2, 20 [kpc/h])

equilibrium?/ ~l . . . .
Figure 2 shows results from this model a¢ 6 for several —-3.5 -3.0 —-2.5 -2.0 —-1.5

combinations of andro, where the latter is given in co- Iog(nH/[cm‘3])

mo_vl_ng units. We havexed the intensity of the 'mP'”Q'”g_ Figure 2. A toy model that we use to understand how photoevaporation and
ionizing background such that the hydrogen ?hommmzaﬂonrelaxation drive changes in the;, ny relation. This model assumes a
rate far away from the absorber igy= 3x 10 3s 1 The spherically symmetric power-law density pi@illuminated from the outside
black curve with( , rg)= (2, 10kp¢h) corresponds to an by an isotropic ionizing background. The gas is assumed to be in
isothermal density prde with size representative of the ﬁlhotmo_mzatlon equilibrium with the background. We show resultg fo6.

. LT ! ustrative values for the power-law slope and absorber size are displayed. If
simulated systems that we _W'_” discuss in Secéiofihe Oth_er photoevaporation makes the absorber density Igso shallower, and
curves vary andrp to mimic the effects of relaxation, characteristically larger, for example, self-shielding will set in at lower

photoevaporation, and structural formation.

~ Increasing results in self-shielding setting in at smafigr Finally, while this single-absorber model provides insight
i.e., w falls off at smalleny. This occurs because a column into the trends seen in our simulations, we caution that the
density of Ny = 1/ o1 is reached at smallew, for larger  sjtuation is more complicated in reality with a diverse
values offo. (Here, o12is the photoionization cross section of population of absorbers. For example, shortly after I-front
hydrogen at 1 Ry, or 912A)) If the black solid curve is a  passage, much of the absorption may occur in diffuse gas
density peak at high redshift, the greeotted curve represents  within lamentg(c.f. Figures 3 and 4 in PapBy in which case
that same peak at lower redshift after structural formation hasspherical symmetry is a poor approximation. The model
increased its mass. This provides a qualitative understanding ofionetheless provides some intuition for how both structural

the trends seen in the top-right panel of FiglrEor lowerze, formation and the hydrodynamic response to photoheating
structural formation has had more time to grow the sizes of thegrive evolution in the |, versusn relation.

density peaks that serve as absorbers. We thus,sefalling
off at smallem,.

At xedrq, attening the density prée (decreasing ) also 4. Contributions to the LyC Opacity
causes y to fall off at smalleny. This effect, combined with
possible evolution irrg during relaxatiohphotoevaporation,
provides a simple picture for the evolution with seen in the
left panels of Figurel. The relaxation and photoevaporation
processes alter the density pies of the absorbers, changing

andry and driving the statistical evolution in Figute We
note that these changes are complicated; they likely depend o
the details of the initial corguration(Shapiro et al2004).

Paperl explored the evolution ol 1f,23 in ionized gas during
the relaxation process. In this section, we aim to better
understand what setili> by decomposing the Lyman-limit
opacity into its constitute absorption systems.

In Paperl, the mfp was calculated by tracing skewers of

ngthLgom= 32 h * kpc along each coordinate axis through
the RT domains, and evaluating the outgoing f,,, e %2
along each skewer, wherg;,= 912Ny . Then the mfp was
obtained usingM» L gom/ IN( T, ), Svhere the average is
taken over all segments. It is straightforward to show that, in

7 In detall, the photoionization rate toward the center of the absorber is

mi( weexp( Ur) ( (2 the limit 1 f,; < 1, the effective absorption coefent in

where the opacity along the radial direction toward the center is given by gyr simulation volume, 1o WL 9112, can be Mxpressed as
d

(r) 7 drUgingi(r). a T @ Nimax

o o o loz 7 f(Np, 1)(1 e M B2 dNy, ©)
If the gas everywhere inside the absorber is in photoionizational equilibrium Niin
with the radiation, then we have

OO0 sMEA BYnu(r)  nyi(r)2.D (4) where the integral runs over all column densities and

These equations can be solved iteratively to obtain thdepf 1, for an 2N
assurgfd density prte. For simplicity, we assume a uniform temperature of f (NH I r) Nos T s (6)
T=10"K. H
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is the number of segments per unit column, per unit length, i.e. parameters. For example, in the second panel with
the column-density distribution. This conveniently re-casts the(Ze, 12 /E)( T(8,0.3,0, the 910> 1 systems account
mfp calculation as an integral over column densities, allowing for 47% of the opacity at a time t= 10 Myr after I-front

us to write the absorption coefient per logarithmic interval in ~ Passage. Atthe samet, they account for only 27% when ;,
Ny, as(Rahmati & Schay@018 is a factor of 10 highetbottom pangl In the overdense run

(fourth pane€), they account for 68%. Notablyg,,> 1 systems

dlo> 1 WNap %N still account for 35% of the opacity in this run when

dlog Ny, %og Ny, MNui F(Nk1, 1) t= 300 Myr. This is in contrast to all other runs, for which
(g e i) dNy, %) th? cogtlribution from g1,> 1 systems becomes15% in the
b relaxed limit.

By the time a few hundred megayears have passed since
Z, thelocal mfp in an average 1h ~ Mpc patch of the IGM
is set by low column-density gas. For example, in our

where we take%dog(Ny,) 0.1 Through Equatior(7), we
guantify the contribution to the opacity from different column
densities, which will give us insight mtp the properties of the simulation with (ze 15 /E)( T(8, 0.3, 0, approximately
gaseous structures responsible for setting the mfp. Eq8}ion ggoy of the opacity comes from sight lines witly,, <
neglects spatial correlations between the absorption systems; {016 cm 2when t= 300 Myr. This owes to almost all of the
is identical to the eXpreSSion fO§12 in the Wldely used model high-co|umn systems being W|ped out by the relaxation

of Poisson distributed absorbef®aresce et al.1980. process. Although théocal mfp in this relaxed h * Mpc
Recognizing that this expression can be derived in thepatch is set mainly by optically thin gas, the global mfp
appropriate limit from our danition of l\a}ﬂ% in Paperl, we becomes regulated by optically thick absorbers in overdense
nd that the former is quite accurate in practice. patches, recently reionized patches, or by neutral gas that has
In Figure3 we show, from left to right, the column-density Yet to be reionized. Indeed, the fourth row of Figge
distribution (Equation (6)), the absorption coeient per illustrates that optically thick absorbers have greater longevity

%og(Ny,) (Equation (7)), and the cumulative fractional in overdense regions. We conclude by noting that cosmic
contribution to the absorption coefent (Equation (5)), as expansion and an increasing ionizing background intensity
functions ofNy ,, for the 32 kpth domain segments from our (  12) both act to increase the contribution of LLSs &
simulations. The simulation parameters are indicated in the leftwell after reionization. Future work should explore how the
most panel in each row. The black, red, and blue curvesPicture presented here transitions to the well-studied opacity
correspond to t= 10, 60, and 300 Myr after.. (For the  structure of the= 2-4IGM.
Ze 6 case, the blue corresponds tb= 244 Myr, since we
did not run the simulation pagt 5.) In each panel, the top 5. Demographics of Optically Thick Absorbers during
axis shows g1, and the vertical dashed lines denoie,= 1. Reionization

Some key qualitative features are evident for all of the

simulations shown in Figurg There is a distinct peak around Figure3 shows that the distributions of column densities in
Ny, = 10"°cm 2in the column-density distribution of recently our simulations are bimodal throughout much of the relaxation

ionized gagblack curveyin all but the ;,= 3.0 case. This  Process. Here we illustrate that the bimodality arises from two
peak disappears byt= 300 Myr except in the overdense run distinct types of absorption systems in recently reionized gas.
(ET +/3), although it is suppressed sigoantly there as The.S|ght lines with the highest column densities, which
well. The steady decrease in the abundance of segments withomprise the peaks located aroutwyNy,/[cm ] x 19
columns 10°cm 2re ects the hydrodynamic response of the almos_t always contain abso_rbers with neu_tral fractions close
gas after ionization. At early times, there is abundant small-to unity. Note that these higiy, peaks disappear over a
scale structure withg;, 1 butitis erased overt 100Myr  timescale of 100 Myr because the absorbers are photoevapo-
by Jeans smoothing and photoevaporation. rate_d by the ionizing background impinging on their outskirts.
The second column shows thatgﬁ_jz/d |Og NHI exhibits two T.O I||usltl’ate_thIS, the left panels of F|gutSh0W an eXample )
prominent peaks shortly after I-front pass@ge= 10 Myr)—the ~ Sight line intersecting an absorption system undergoing
rstatNy, 10" cm 2and the second &, 10°cm 2 As photo_evaporatlon_. The_skew_er is drawn from one of the RT
we will discuss below, these peaks represent two physicallydomains in the simulation wittge, 12 /E)( T(8, 0.3, 0.
distinct types of optically thick absorbers. The relative heights of From top to bottom, we show the gas dengity; in units of
the peaks-and therefore their relative contributiorare set by ~ the cosmic megnthe H fraction (x4 ), the gas temperature
the interplay between all three simulation parameters. Generally({T), the photoionization rate, and the ratio of the photoioniza-
lower 1., lowerze, and larger environmental densfty ) all tion rate to the recombination rat®/R wy(/(*/m),
increase the contribution of they,  10'°cm 2 peak. However, ~Where*  B(T)nenyy, and g is the case B recombination
as the gas relaxes, this peak all but disappears except in theoef cient of hydrogen. The black, red, and blue curves
overdense run. Mosty,, 10" cm 2 systems do not survive ~correspond to snapshots in time at= 10, 60, and 300 Myr
the relaxatiohevaporation except where the local overdensity is after Ze, respectively. The total column density of the

large® sight line evolves fromogNy,/[cm 3  18.8 at t 10 %
From the right-most panels, we can glean the fractionalMyr, to 16.3and 14.7 att= 60 and 300 Myr, respectively. At
contribution of optically thick systems to thg;, of our boxes. t=10Myr, the absorber located near the center of the sight

The contributions vary signéantly with the environmental line is peaked in density(Although, the sight line does not
necessarily pass through the center of the peak in three

dimensiong.The neutral fraction reaches unity near the center,
8 More specically, by “local overdensit}, we mean / , where is where 5, dips to Zere—th? result of self-shielding. And the
smoothed over our 1 i Mpc box scale. temperature of the peak is1000 K, much lower than the
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Figure 3. Contributions to the Lyman-limit opacity of the IGM during reionization. Leftcblumn-density distributions measured oveth32 kpc-long skewers
traced through our RT domains. The models are indicatedstrpanel of each row. The vertical black dashed lines indicateythe 1. The black, red, and blue
curves correspond tot= 10, 60, and 300 Myr aftez,, respectivelywith redshifts denoted in the legends; for the 6 case, the blue curve corresponds to

t= 244 Myr). Center: contribution to the absorption cagént, o, per logarithmic interval ilNy ;. Right: cumulative g14< Ny |) expressed as a fraction of the
total ¢, The fractional contribution to the opacity from columns above or below a given value can be read off of these panels.
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Figure 4. Example skewers through one of our simulations illustrating two distinct types of optically thick absorption systems. These examples are from the
simulation with(ze, 12, /E)( T(8, 0.3, Q. From top to bottom, the rows show the gas overdensitfradtion, temperature,Ikbhotoionization rate, and the ratio

of photoionization rate to recombination rate. The last quantity is unity for gas in photoionization equilibrium. Each panel shows the time evolution of the sight line
with the black, red, and blue lines corresponding te= 10, 60, and 300 Myr aftez,, respectively. These times correspond07.9, 7.5, and 6.0. The sight line

on the left has column densities d6gNy,/[cm 3  18.8,16.3 and 14.7at t= 10, 60, and 300 Myr, respectively. On the right, we have
logNy,/[cm 4 17.3, 16.3and 15.2, respectively. Att= 10 Myr, we classify the absorber on the left‘asaporating, characterized by its neutral core and

the presence of gas out of photoionization equilibrium. We call the absorber on théreigking” This sight line is highly ionized, yet optically thick at

t= 10 Myr. Unlike the case on the left, the I-front likely never transitioned to D-type as it swept past this sight line.

photoionized gas outside of it. A key feature of this system is

R R LR R AR AR AR that the gas at the boundaries of the neutral core is out of
100~ ful i fﬁ? éo Myr photoionization equilibrium, as evidenced by the spiké¥ R
-~ Evaporating - shown in the bottom panel. Byt = 60 Myr, the density peak
-~~~ Relaxing has been smoothed out considerably. The gas is highly ionized
and has reached photoionization equilibrium, with the
equilibration timescale beingl/ , 10%®s= 3x 10° yr at
the center of the pedkee the third royv The gas is evacuated
from the system by t= 300 Myr, and the absorber is gohe.
In what follows, we we will refer to systems like these, which
exhibit large deviations if?/ R from unity, as“evaporating
systems.

The situation is considerably different in the right panels.
The column densities of this sight line dogNy,/[cm 3
_3 17.3, 16.3and 15.2 at t= 10, 60, and 300 Myr, respectively.

12 13 14 15 16 17 18 19 20 21 Despite the sight line having an opacity of;, 1.2
log (Nwi/[cm™2]) at t= 10 Myr, there is never any fully neutral core associated

Figure 5. The contribution of segments containing evapordtied dashejland with the central density peak. In fact, the peak is highly ionized

relaxing (blue' dashe}l absorbers to the differential opacitylo»/ logNy,, at and in photoionization equilibrium at all snapshots shown.
t= 10 Myr, shown as the solid black curve. The distributions are from the

(12,2 /E) T(0.3, 8, ) simulation. The optically thick absorbers consistof 9 \we have checked the example sight lines of Figurean adiabatic version

two distinct populations of sinkg1) density peaks with fully neutral cores  of the simulation. We have vegd that the density peaks are still present at

(evaporatiny and (2) highly ionized absorbers in photoionization equilibrium z= 6, indicating that their peculiar motions cannot account for the observed

with the ionizing backgroungtelaxing. attening.
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At = 60Myr At =300Myr
z=7.5 7z=6.0

Figure 6. Visualization of absorbers idenéid in our simulation witlfze, 12, /E)( T(8, 0.3, (. See the main text for details on our idenétion procedure. Gas
overdensity is shown in color scale, and each slice is 3&pc thick. The red circles and blue triangles show evaporating and relaxing systems, respectively. The size
of each symbol is proportional to the effective diameter of the corresponding absorber. The same slice is zhond @&ft), 7.5 (cente), and 6.0(right),
corresponding to t= 10, 60, and 300 Myr. The surviving systefnght pane) are located at the highest density peaks and contain fully neutral cores, hence their
classi cation as evaporating.

However, this peak, too, is erased by Jeans pressure smoothing,, 1 absorbers to the three-dimensional systems that create
within = 300 Myr. We will refer to this type of system as a them!* Appendix B describes our procedure for calculating
“relaxing absorber. We note that the key distinction between xj's" Essentially, we optimizg{"®"to maximize complete-
these two classtations is the timescale over which I-fronts are ness of our sample, while also minimizing the number of
able to ionize all of the gas in the system. Evaporating system®ptically thin one-dimensional sight lines through our absor-
are those in which the I-fronts géstuck as they climb the  bers. We then form simply connected groups out of the cells
steep density gradient, transitioning fretype toD-type(see,  abovex"®" Table1 lists x""for our simulation parameters.
e.g., Shapiro et ak004. In contrast, relaxing systems may OQur values are typicallxj'" x 0.005 but can be as low
have been quickly ionized as I-fronts swept supersonically ggytresh o oo1fox 1, 3or £ T 3
through the region, perhaps never transitioning to D-type. To illustrate our identication procedure, Figuré shows

To support the picture that the absorbers consist of two distinClexample slices through the densitgld from our run with
populations, Figuré shows what happens when we select sight ., 7 = £)( 7(0.3, 8, 0. From left to right, the panels
lines based on whether the gas is in photoionization equilibrium.exhipit the effects of relaxation on the density structure. Self-
The blacksolid curve shows thi,/dlog Ny, at % 10Myr  ghielding structures are marked by red circles or blue triangles,
from the full sample of sight lines in our simulation with yith the sizes of the symbols proportional to the effective
(12,2 ) T(0.3,8,0. As a proxy for evaporating diametersdyr 2(3V/ 4 )¥3, whereV is volume. Red circles
systems, the rédashed curve corresponds to sight lines With  correspond to evaporating systefudth |[P/R| 1.5 some-
P/R 1.5 anywhere along the sight lifeThe bluédashed  ynere in the systeyrand blue triangles correspond to relaxing
curve corresponds to those wilR/ R|< 1.5. That the tWo  systems(|P/R|< 1.5). Visual inspection of Figur® reveals
peaks separate cleanly suggests that the high-column peaks ¥at the self-shielding structures trace out flaenents and tend
Figure3 are comprised almost entirely of evaporating systemsi, pe clustered around the nodes. By= 300 Myr (right
with fully neutral gas. Although we show an illustrative pane), the few systems that remain are at the highest density

example here, wend that this separation occurs for all of the neaks and are classid as evaporating because they possess
simulations in our suite. In the next section, we will explore in fully neutral cores.

more detail the physical properties of these systems.

6. Properties of Absorption Systems 6.1. Masses and Sizes

Here we explore the properties of the three-dimensional Figure 7 shows the time evolution of absorber mgsdt
structures responsible for the one-dimensional absorbers studiegblumr) and size(right columr) in three of our simulations,
above. Accomplishing this requires a prescription for identifying where the former includes both dark matter and gas mass. To
self-shielding structures. Following Rahmati & Sch&3@l9, obtain dark matter masses, we smooth particles onto the hydro
we dene a self-shielding structur@r “absorbet) to be a grid using cloud-in-cell interpolation. We characterize the sizes
simply connected group of cells with neutral fraction above a of the systems by their effective diameteks, Note, however,
thresholdx[®s" We use a variable threshdldhich depends on  that many are not spherically symmetric, especially early in the

12, Ze, | ) chosen to optimally link the population of relaxation process.

10 Note that this is not a perfect selection criterion, as RT geometry can 11hTr:1is differs from Rahmati & Schay€2018; they used a constant
sometimes result in misidentifying evaporating systems. xfresh - 0.01
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Figure 7. Distribution of absorber mass@sft) and effective diametersight) in three of our simulations. Each row corresponds to a different simulation with
parameters provided in the legends of the right panels. The/ btditk red dashed, and blédotted-dashed curves correspond td = 10, 60, and 300 Myr,
respectively(z= 7.9, 7.5, and 6.0, respectivilfThe effective diameter k= 2(3V/ 4 )3, whereV is absorber volume. The absorption systems responsible for
setting the LyC opacity during reionization can be as small as the Jeans scale of the cold, pre-reionization gas. In a cold-dark-matter-dominated universe, the sma
absorbers may be beyond the resolution limits of our simulations.

The typical mass and size of an absorption system shiftsM 10’ 10°M. anddey 5 30h * kpc. The shift to larger
from smaller to larger values during the relaxation process.systems with time is straightforward to understand. Just after
In our runs with 15,= 0.3 (top two row$, the masses and I-front passage, the gas contains a large population of small
sizes range fromM 10° 10°M. anddes afew 20h ! self-shielding systems, but they evapdragax quickly. The
kpc at t=10Myr. By t= 300Myr, most systems have larger systems survive for longer timescales. The middle row
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overdense box span a broader range of masses, with the high-
3 mass tail of the distribution extending upt@0'°h M, . The
density enhancement also results in sigantly more surviv-
ing absorbers. For example, at= 10 Myr, we nd 4, 533(4,
069 absorbers in the run withEZ T 0(v/3). By
t= 300 Myr, the overdense run has 98 surviving absorbers,
a factor of 2 more than the 52 found in the mean-density box.
Turning to the bottom row, higher 1, generally eliminates
the systems with lower mass. This occurs because the smaller,
At=10Myr milder overdensities are not able to self-shield against the
7=7.9 intense background and are erased on a quicker timescale. By
0 t= 300 Myr, the surviving systems are somewhat smaller
than the case with ;,= 0.3 because self-shielding occurs at
16 18 20 22 higher densities. We nd 1, 519 (11) absorbers in the
12=3.0run at t= 10 (300 Myr.
We quantify the ratio of gas mass to total mass for the
4 absorption systems shown in Figate=rom top to bottom, the
mean fractions are 0.10, 0.12, and 0.092, respectively, at
t= 10 Myr. Note that the simulation witly T /3 has a
o slightly higher mean fraction compared to the = 0 case. On
< 3 the other hand, the run with enhanced ionizing background,
(@)] 12= 3.0, exhibits a reduced fraction. Most of the systems
o are below the cosmic baryon fractionn,gi z0-187 At

2 At = 60Myr t =60 Myr, the fractions drop to 0.075, 0.051, and 0.072. By
t= 300 Myr, there are fewer systems and a large scatter in
z=7.5 gas fraction. The mean values actually increase to 0.083, 0.145,
1 and 0.187, respectively, owing to the small number of systems
with large( 0.2-0.5 gas fractions.
16 18 20 22 One concern about the results of Figufeis that the
distribution of absorber sizes might be affected by the domain
Photoevaporting structure of our RT. For example, one could imagine that a
source plane along the boundary of a domain might intersect an
absorber, causing its inner regions to be aidily ionized and
splitting the absorber into two. We tested explicitly for such
>4 effects. In AppendiA we show that we obtain similar absorber
g size distributions even when using larger domains. Of greater
o concern, however, is the fact that our simulations do not capture
- 3 the smallest absorption systems that exist in an adiabatically
At = 300Myr cooling IGM before I-front passage. Based on the numerical
7=6.0 convergence tests also presented in Appefsdine caution that
g - we may be overestimating the typical mass of absorption
systems by a factor of2, and the typical sizes by25%. In a
16 18 20 22 cold-dark-matter-dominated universe, the smallest absorbers
Iog(NH|/[cm‘2]) may even be beyond the resolution limits of our simulations

Figure 8. Relationship between, -weighted mean overdensify ;) and .

column density(Ny ) for self-shielding absorption systems. Absorbers are 6.2. Overdensities

identi ed as simply connected regions above a neutral fraction threshold, as . .

described in the main text. The red circle and blue triangles correspond to Flgure€_3 shows scatter plots of thg, |-V\_/e|ghted mean.gas
evaporating and relaxing absorbers, respectively. We show results from ounverdensity of the absorbers versus their column densities. To
S'mu'at'ond"‘;'tht(zre’lo 2 /E)é 3-58‘1\/?.3‘ ‘f)t FFOT”;] toﬁ EO bdonom'_the panels  calculate both quantities, we integrate over randomly oriented
corresponato t= y ,an YI al&e. € nyaroaynamic response -

of the gas to reionization depletes the total number of absorbers and raises th%kewers traced through the peakm"?f In th.e absorbers. We
characteristic density above which self-shielding occurs. average over the skewers to obtain a single value for each
absorber. As in Figur®, the red circles and blue triangles

. . .._correspond to evaporating and relaxing absorbers, respectively.
shows results from one of our overdense simulations with For brevity, we show results for ouducial simulation with

ET V3. At t=10Myr (z= 7.9, the distribution of (= "E) T8, 0.3, 0, but the results are qualitatively
absorber masses appears similar to the case Witk 0. similar in our other simulations.

Note, however, that the local density enhancement results in a The progress of time from top to bottom illustrates how

couple of very massiveM 10'° 10'*h * M, systems.  relaxation depletes the abundance of absorbers that exist in the
Indeed, although not visible in the middle-right panel, these unrelaxed IGM following I-front passage. At all snapshotg,

rare systems hawky; 150h *kpc and are in the extreme tail increases with\y, except for a attening that occurs around

of the distribution. By t= 300 Myr, the absorbers in the log(Ny,/[cm 4) _ 17.19 This is qualitatively similar to the

logAq
_ N

5 a Relaxing
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Figure 9.lonization and thermal states of self-shielding structures idehith our simulation witkze, 12 /E)( T(8, 0.3, Q. The top and bottom rows correspond

to two snapshots in time,= 7.9 and 6, respectively. The evaporating and systems are shown as red circles, and relaxing systems are shown as blue triangles. Frc
left to right, we show they |-weighted mean Hphotoionization rate, temperature, and gas overdensity of absorbegs,/vsy. These quantities are calculated by

tracing randomly oriented skewers passing through thermpeaik each absorber. Relaxing systems are relegated to a relatively small region of the parameter space,
consistent with highly ionized gas in equilibrium with the ionizing background.

self-shielding “plateati between log(Ny,/[cm 3) _ 18.20 H number density. Note that, because of our RT domain setup,
seen in the simulations of McQuinn et@011). At t= 10 Myr H1 IS approximately uniform throughout highly ionized gas in
(top pang), self-shielding sets in at the characteristic overdensity our simulations. The utility of characterizing the absorbers with
of 4 25. However, by t= 300Myr (botton), almost all of  Equation(8) is that, for gas in equilibrium, the right-hand side

che tatisorbers haVé)/Qt |100 and !OgNH : / ([j gm?h)z_ 19.5  ghould depend only of to a good approXimation. To the extent
ost also possess neutral cores as indicated by their clatisi that recently ionized gas has a relatively narrow range of

as evaporating systems. Although not shown in Figutarger temperatures, we therefore expegll . to take on a narrow

12 values shift the scatter plots upwards ig and further P ’ ) Pael g L
deplete the absorber population. Larger box-scale densfties,  ange of yalues for relaxing systems. This should not be true for
have the opposite effect. evaporating systems, however.

The unrelaxed absorbers at= 10Myr exhibit a higher ~In Figure9 we showxy/ gversus y,, T, and fgr our
degree of scatter compared to later times. Notably, there arddenti ed absorbers. All quantities are,-averaged® For
absorbers that deviate from the maigversus N\, relation. In ~ brevity, the gure contains results only from the simulation
fact, there even appear to be underdense absorbers. The¥éth ( 12, Ze, /E)( T(0.3, 8, 9, but the same basic trends
systems result from the complete or partial shadowing of thehold in all of our simulations. The top and bottom panels
LyC radiation by nearby overdensities. For example, a region incorrespond to t= 10 and 300 Myr aftez., respectively. The
the shadow of a large density peak may remain neutral until theevaporating systen{sed circley show a large range of values,
peak is sufciently smoothed for the I-front to break through. Whereas the relaxing systebtue trianglelreside in a smaller
Although these occurrences are already rare in our simulationgiegion of the parameter space, as we had anticipated above.
we caution that our two-direction RT may exaggerate their In the left panels, the relaxing systems mostly have mean

prevalence. More realistically, radiation could come from many w near the background value ofy;=3x 10 s % In
directions as nearby sources turn on during reionization. contrast, the evaporating systems span a rangg oftz= 6,
they extend down to,= 10 *®s . This is consistent with
6.3. lonization and Thermal States the evaporating systems possessing neutral cores. The trend of

An informative way to characterize the state of absorbers in*H /g Incréeasing with y, for evapor_atmg syste_ms rects
our simulations is through the photoionization equilibrium that lower densities are less self-shielded against the back-

condition in highly ionized gas, ground. In the top panel, the scatter towasd 4 1 can be
. owed to mildly overdense gas shadowed from the background
%, s(Mnid B) ® by Rearby density peaks.
(y@ (1

where = nud ny .1'0_8 accounts for S'”Q'y ionized '__'eB IS 12 As in the last section, we obtain mean values obtained by averaging over
the case B recombination rate of H, and is the cosmic mean  randomly oriented skewers through the peaks,of
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In the middle column, the evaporating systems span a range of a couple hundred megayears, relaxation and photoeva-

temperatures, from4,006-32,000 K. The lower temperatures poration erase the vast majority of these structures. The
are similar to virial temperatures of halos with 10° M. The surviving structures have 500, fully neutral cores, and
higher temperatures may result from very recently ionized, low- are clustered preferentially in large-scale overdensities.
density gagD’ Aloisio et al.2019 or from the collapse of dense 4. The characteristic masses and sizegsgf 1 absorbers

systems. In contrast, the relaxing systems are all clustered around  evolve from smaller to larger during the relaxation
temperatures characteristic of photoionized gas in equilibrium process. Within 50 Myr afterz., total masses and ;sizes

with the backgroundT 14,000 K. In all panels at= 7.9 are typicall¥ in the rangeM = 10°~10®M, anddes=

( t=10 Myr), there are transitional systems bridging the afew 20h - kpc. However, by t 300 Myr, they are

evaporating and relaxing populations. The populations become M= 10" 10°M, andd.s= 5-30h * kpc, respectively.

more separated at late times. Again, these properties depend on the environmental
In the right columns, we see that the relaxing systems, with parameterg., (12 and / .

characteristic overdensities; 100, reside at the lower end , T
Finally, we note some implications and caveats for the small

of the g distribution. The few evaporating systems wit characteristic masses and sizes of sinks in a cold-dark-matter
signi cantly less than 100 correspond to diffuse neutral gas in”~ : D
universe. First, these scales highlight the extreme computa-

the shadows of nearby peaks. A large fraction of evaporatingtional challenge of modeling the sinks in cosmological
systerﬂs exh|/b|ts ai'/ght Correllat|0n| with, Thlls owes to the simulations of reionization, especially during theast
;afthOattr):glsu?viving %pft(i)crallirgtﬁizkn:g;r()ibesr?tggs'higgly 50 Myr of the relaxation process. This consideration is
overdense; almost all are fully neutral systems centered o iarr]t'gl;?ég ;?(I)i\%nf fgrvr\ri]%dghgigr:ihc:eazltgfrr‘aecwog :;'?Qézaés
halos. The analysis presented in the three preceding subsecuoS il relaxing at those ti’me(se.g. Kulkarni et al2019 Keatir?g

gg%ﬁgioﬁgpg‘ogﬁicglllj; tr?iiﬂlzrbsglr%%urzsmn of o distinct et al.202Q Nasir & D' Aloisio 2020. Second, our results are
' based on simulations that neglect the effect of pre-heating by

the rst X-ray sources. A hotter IGM before reionization would
raise the magsize scales of the absorbers, particularly in the
earlier stages of relaxation. Papexplored a simplistic model

We have studied the properties of ionizing photon sinks implementing a temperatureoor of T= 1000 K atz= 20,
during reionization. Our study was based on the suite of high-crudely bracketing the magnitude of the effect. Thagd a
resolution radiative hydrodynamics simulations of Paper 70% suppression in the clumping factor up to 100 Myr
which model the self-shielding and hydrodynamic response offrom z.. After this, relaxation erases any differences with our
the IGM in the wake of I-fronts. Our mainndings can be ducial models. Lastly, it is worth noting that the broad
summarized as follows: conclusions presented here could be considerably different in

1. The density and ionization structures of the IGM evolve ot_her dgrk matter cosmologies with a damping scale in the
considerably aftez. as the gas relaxes and density peaks primordial power spectrum, e.g., warm dark matter, fuzzy dark

are photoevaporated. We have quasdi these effects mf’;\tter, and some varlet{es fo{hsellgll\r;lteractllrt]g dark matt_er.tlln
with the ., versusny relationship, which is often used IS Sens€, measurements of the opacity near reionization

to model self-shielding in cosmological simulations can, in principle, test dark matter models at scales and densities

without RT (Rahmati et al2013 Chardin et al2018. that are not probed by other methods.
The evolution can be understood qualitatively with a
simple model that considers the competing effects of
gravitational growth and density-peak smoothing by the
ionizing background.

2. We measured the column-density distributions in our
simulations to characterizénet absorption systems that
contribute most to the LyC opacity. These distributions
depend on environmental parameters: ( 15, and / . ]
Broadly speaking, systems with,, 10""2cm %( o1 1) Appendix A
account for 50% of the opacity within t 10 Myr of .. Numerical Convergence
The onus shifts to lower columns during relaxation, with | this section we extend the discussion on numerical
912 1systems contnbutlng justl0% by t= 300 Myr. convergence in Appendix A of Papler
Higher environmental density and lower 1, generally
increase the contribution of;> 1 systems. For example,
in our overdense run withf T /3, the g1, 1 systems
still account for 35% of the opacity att= 300 Myr. To test convergence with respect to grid size, we have run a

3. For 50 Myr afterze, the o5, 1 absorbers comprise series of test simulations in a smaller box witfg,= 256h *
two distinct populationgl) 4 100 systems with fully ~ kpc. The grid sizes spaN= 64°toN= 1024 in factors of
neutral cores, an?) highly ionized systems at milder eight. We usé&yom= 8°to match th&32 h * kpc)® RT domain
overdensities, which are in photoionization equilibrium sizes in the productions runs. In what follows, we adapt
with the ionizing background. The latter are just dense 15, / )= (8, 0.3, Q. All quantities plotted in Figur&0 are
enough to be self-shielding but were not dense enough atatz= 7.9, corresponding tot= 10 Myr. We choose this early
Z. to halt the passing I-front. The relative abundances oftime in the relaxation process because the gas still clumps on
these two populations dependng ( 12, and / . After small scales soon after I-front passage. The numerical

7. Conclusions
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A.1l. Resolution
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Figure 10. Numerical convergence with respect to/d®E grid size for key quantities examined in the main text. Test simulations were run in a smaller box with
Lyox= 256h * kpc and grid sizes spannéti= 64°to N= 1024 in factors of eight. We useMgom= 8° to match the(32 h  kpc)® RT domain sizes in the
productions runs. All runs usdde, 12 / )= (8, 0.3, Q. Moving clockwise from top left, we show the cumulative Lyman-limit absorption cesft as a
function of H column, the median photoionization rdte units of the background ratgs. neutral hydrogen number density, the distribution of their effective
diameters, and the distribution of total masses for self-shielding systems.

convergence will generally be better at later times after pressureeutral fraction threshold off,  0.005 We refer the reader
smoothing has time to act. to Section6 and AppendixB for the motivation of this choice.
The top-left panel of Figurd0 compares the cumulative The bottom-left panel of Figu0 shows that lower hydf&RT
opacity, ¢1:(<Ny,), in our test runs. The curves corresp- spatial resolution leads to the absorbers being larger in mass, on
onding toN= 512 andN= 1024 agree to better than 10%, average. The mean absorber masses foNthe64®, 128,
indicating that the latter may be reasonably converged. The256% 512, and 1024 runs are 10%, 10", 1¢°%% 10°*° and
N = 256 case(red curvg has the same spatial resolution as our 10°“Me, respectively. The corresponding mepare 11.41,
production runs. While the shape of this curve at columns5.15,4.04, 3.52, and 3.08 * kpc. Comparing the distributions
larger tharlogNy,/[cm 4 x 17is similar to theN= 1024 indicates that our production simulations are missing smaller
case, the normalization is lower by 20%. We note that this isSelf-shielding systems; we overestimate the typical masses of
consistent with the convergence studyNj5 in Appendix A absorbers by a factor of2, and the typical size by25%. We
of Paperl. Importantly, the relative contribution of;,> 1 also nd that the number of identd absorbers increases with

; ; tial resolution. For example, in tNe 64° run, we nd just
sight lines to the total 91, appears to be well converged at our spa g ' ! )
production resolution. In the = 256° case, ;0> 1 sight lines seven absorbers, while in thNe= 1024’ run, we nd 429. This

constitute 43 % of the total opacity, compared to 41 % in the suggests that poorer resolution tends to blend togethenthe

N= 1024 case. Thus our conclusions in the main text aboutgrain structure that should in reality be separated into separate

the relative contributions of gas at different columns appear tosystems.

be robust to grid-size convergence. ) ) )
The top-right panel of Figurd0 considers the median A.2. Effect of RT Domains on Sizes of Absorption Systems

relationship between ;,andny (see Sectior8). The neutral Our RT domain structure was designed to avoid the
hydrogen density corresponding to half background intensitydif culties in interpretation that would arise if gas parcels
(i.e., wi/ o= 0.5 appears to be reasonably converged, were ionized at different times and intensities within our boxes.
though we do underestimate thg, where (4, drops to zero. However, absorbers may span multiple domains if their typical
The bottom panels compare the distribution of masses and sizesize is larger than the domain lengthem= 32h * kpc. This

for self-shielding structurdsr “absorbery. In this section we  could result in overdense gas within the absorbers being
de ne the absorbers to be connected groups of cells above annaturally ionized by the intersecting source planes. In Paper
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Figure 11.Convergence of the mass and size distributions of self-shielding systems with respect to the number of RT domains used. Besides the number of domai
and xing N = 256, test simulation parameters were the same as in Figuiithe RT domain structure of our simulations does not appear to sagrly affect our
conclusions about the characteristic masses and sizes of self-shielding systems.

we tested the use of different domain sizes and demonstrateffor a given threshold HI fractiog{"®s" we count the fraction
that the gas clumping factor does not change sagmitly when of optically thick segments that do not intersect a system,
compared at the same global ionized fraction. Here we tes{Type I), and the fraction of optically thin segments thatéo,
speci cally for any effects on the mass and size distributions of (Type ). Then we adjusk®s" until the sumP(Type )+P
the absorbers. (Type 1I) is minimized. Tablel shows our values ofres"

For these tests, we addpfox= 256h * kpc andN = 256°, obtained using this method, and the conditional probability of
with (ze, 12, / )=(8, 0.3, 0. We ran two additional  each type of error. The low error probabilities suggest that our
simulations with larger domain sizes\gom= 4>and 2. method picks out the systems responsible for generating
Figure 11 compares the mass and size distributions of self-optically thick sight lines effectively. The optimal threshold
shieldin% structures in these runs against the case withs typically in the range 0.060.005, and is most sensitive to
Ngom= 8 (which has the samkgom= 32h * kpc as in our  the value of the photoionization rate, with mild dependence on
production runs As in the last section, we adopt a constant rejonization redshift and time.
neutral fraction threshold of 0.005 for identifying the absorbers.
Overall, we nd that the distributions are broadly consistent ORCID iDs
with each other. This occurs because source cells that intersect
the dense core of an absorber will tend to stay optically thick. Fahad Nasi® https! orcid.org 0000-0003-0294-8674
In this case, the cells will be grouped as a single system despit€hristopher Cair® https/ orcid.org 0000-0001-9420-7384
the absorber spanning two or more domains. Note, however,
that a tail appears at the low-mass end folNhg,= 4°>and 2 References
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